Abstract. The Direct Simulation Monte Carlo (DSMC) method is a powerful method for modelling chemically reacting flows. It is a statistical method which simulates the Boltzmann equation by interacting computational particles which represent a large number of a single species type. A statistical problem will occur when trace concentrations are required to be accurately modelled; the traditional strategy is to use more computational particles per cell or simply obtain lower statistics and thus have higher uncertainty for the trace concentrations. A new method, cell based chemistry (CBC), based on an integral balancing concept, allows all chemistry, including trace reactions, to be efficiently modelled in the framework of DSMC. This strategy first separates the collision phase from the reacting phase. Then a strategy is presented which conserves both the collision and reaction frequencies in a consistent manner. The illustrative problem is a chemically reacting glow discharge plasma; the ion concentrations typically are at a 0.1% mole fraction but dominant the physical mechanism of the system. Comparisons will be made to a chlorine plasma in a Gaseous Electronics Conference (GEC) reference cell with an inductive coil at approximately 20 mtorr system pressure.
Introduction
The microelectronics industry is pursuing low pressure etch and deposition reactor systems to meet the demands of gigascale integrated circuits. These reactors operate at pressures < 50 mtorr and the high density plasma etch reactors have plasma densities ~ 10 17 -10 18 #/m 3 in an effort to achieve an high etch rate and anisotropic etching. The collisional mean-free-path at 1 mTorr is 100 mm and the diameter of the wafer is 300 mm; therefore, a continuum treatment of the neutral and ion transport is suspect at the low pressures. The Direct Simulation Monte Carlo Technique (DSMC) [1] , a kinetic simulation of the Boltzmann Equation, is ideally suited for these processes since it has the capability of correctly modelling the high density inlet, the complex gas phase chemistry, and the multi-species transport in system. An example of a 'simple' plasma chemistry is the pure chlorine plasma mechanism shown in Table 1 .0. Both the gas phase and surface chemistry reactions are shown. Unlike air chemistry, rate constants for complex chemistries have a very high level of uncertainty.
The plasma Debye length is on the order of 10's of microns so that a two region model is justified: a bulk plasma region where the plasma is charge neutral and has a collective behavior and a sheath region which is adequately simulated with 1D analytic models. A self-consistent plasma DSMC model [2] has been developed which was based on the DSMC neutral code, Icarus [3] , which has been optimized for the massively parallel computing environment. This is a DSMC based code which transports ions and neutrals, determines electron densities assuming local charge neutrality(LCN), determines space-charge electric fields from a Boltzmann approximation, and simulates the electron impact, ion-ion, and neutral-ion chemistries. Typical manufacturing plasmas are only about 0.1% ionized; that is, the ion density is a factor of 1000 smaller than the background neutral density. However, these small fractions, 'trace concentrations', are the dominant species which control the behavior of the plasma system since the charge density directly determines the behavior of the system. An analogous situation for aerodynamic applications such as re-entry systems would be the recombination reactions which are typically not simulated very well because they occur at such low frequencies due to flow rarefaction [4] but may be important for optical measurements. Therefore for low pressure plasma systems, trace species must not only be modelled in a statistically relevant manner, but their reaction frequency must be resolved correctly. This paper will first discuss the traditional methodology for modelling chemical reactions in DSMC and identify an inherent weakness. A new paradigm for modelling chemical reactions in a particle code will then be described. Given this paradigm, several options will be presented for determining the chemical reactions in a computation cell where one ensures that the chemical reaction frequencies will be conserved in a manner consistent with the collision frequencies; that is, in the statistical time limit. Finally a simulation performed with the plasma DSMC code for a Cl 2 glow discharge plasma in a GEC test cell with this new methodology will be presented. Table 1 : Plasma Chlorine Mechanism for Icarus Simulations a Rate expressions were generated from cross sections assuming a Boltzmann electron energy distribution function for a range of E/N values [15] b Charge exchange reaction probabilities are computed using a specified probability and cross section [3] Traditional DSMC Chemical Reaction Modelling Figure 1 illustrates the global logic in a typical DSMC code using the no-time-counter (NTC) [5] collision methodology. The chemistry module is called only when a collision pair of computational particles is chosen statistically to satisfy the cell collision frequency. The reaction will take place if the energy of the collision pair is greater than the activation energy of the reaction and a random number is less than the reaction steric factor (ratio of the reaction to total cross section) [1] . This strategy satisfies detailed balancing on a computational particle event; however, this method has inherent difficulties simulating reactions which occur on an infrequent basis.
Gas Phase Reactions
Reaction The first issue with this method is that it is inconsistent since the fractional remainder of collision pairs is retained for the next time step while it is essentially discarded in the chemistry routine. That is, the collision frequency is determined in a deterministic manner while the reaction frequency is determined probabilistically. In the NTC method, the number of possible collision pairs for a given cell in a time step is first determined. Since the number of pairs must be an integer, the fraction portion is simply added to the computation of the collision pairs for the following time step. Therefore, the collision frequency is deterministically resolved even for cells which have very small collision frequencies; several time steps are simply required to obtain a single collision pair. However, the logic to invoke a chemical reaction is probabilistic based on the steric factor. It is obvious that a trace reaction will have a very small steric factor. If the fractional remainder of collision pairs was treated in a manner consistent with the steric factor chemistry, that is probabilistically, then cells with very small collision frequencies would be incorrectly simulated due to low frequency statistics.
The second issue is that unless there are sufficient sampling events (collision pairs of the particular reactants) to obtain a statistically significant result, it is virtually impossible to obtain the correct reaction frequency unless the reaction steric factor is approximately 1.0. Typical implementations do not try to conserve the reaction collision frequency for a time interval as was done with the collision frequency since the chemistry is determined by crosssections and the collisions by rates; fractional collision pairs are physically meaningful while fractional steric factors do not have an equivalent representation.
Cell Based Chemistry (CBC) Methodology
There are two main parts to the Cell Based Chemistry (CBC) Methodology: decoupling the reactions from the collisions and performing the chemistry in a systematic manner on a cell basis. These will be discussed next. Figure 2 shows the new DSMC logic for determining collisions, chemical reactions and particle moves for the Cell Based Chemistry (CBC) Method. Conceptually, it would appear from comparing figures 1 and 2 that the only difference is that the chemical reaction module is simply now called after the collisions and before the move routine. However, the fundamental difference is that the chemical reaction logic is decoupled from the collision pair logic; that is, the standard NTC collision logic determines only the elastic and inelastic scattering phase space and the chemistry logic determines the reaction products. This decoupling allows the frequency of both physics, collisions and chemistry, to be computed in a consistent and conservative manner. This decoupling is similar to the fundamental assumption of DSMC where the collisions are decoupled from the particle move. Once this decoupling has been accomplished, the determination of the chemical kinetics is now defined as starting with a well mixed volume, a single cell, to determine the end state condition after a given time step.
I. Decoupling Chemistry & Collisions
II. Single Cell Chemistry Given the single cell or 0-D framework from the decoupling of chemistry and collisions, there are two fundamental ways to view the coupled systems of chemical equations: as continuous, represented by differential equations whose variables are concentrations or as discrete, represented by stochastic processes who variables are numbers of molecules. Next are presented three approaches for determining the end state condition for the cell after a given time step; these approaches vary from the pure stochastic to the more deterministic. This is not an exhaustive list of strategies but is meant to illustrate that once the reaction decoupling has been done, there are many strategies at ones disposal for determining the chemical end-state after the given time step. An illustrative example using the last approach is presented later in this paper.
Pure Stochastic. Gillespie[6] developed the direct method and first reaction method for implementing the stochastic simulation algorithm (SSA) to numerically simulate the time evolution of a well-stirred chemically reacting system in a way that takes proper account of the randomness that is inherent in such a system. However, the computer times required to simulate reasonable times tend to be prohibitively long if the molecular populations of at least some of the reactant species are very large. This is the case with systems having trace species. Gibson and Bruck [7] have recently transformed the first reaction method into a new scheme called the next reaction method which appears to be the most computationally efficient way to make exact stochastic simulations of complex volumetric chemical systems [8] . Probabilistic Frequencies. Finally, Bartel, et. al. [9] have taken a different approach to this problem and this method will be discussed in detail for the remainder of this paper. First, one recognizes that although the chemical reaction module is now decoupled from the collisions, the computational loop is based on a single time step. Since the accuracy in the basic, non-reactive DSMC algorithm requires that this global time step be approximately equal to the inverse collision frequency, there cannot be substantial numbers of chemical reactions in a given time step since the reaction time constant must be equal or greater than the collision time. This simply states that a collision takes place before there can be a chemical reaction. For the current work of modelling the trace recombination reactions and electron impact chemistry illustrated earlier in Table 1 , it was found to be sufficient to use rate constants directly rather than attempt to convert them to cross-sections with an assumed distribution. Also, it is recognized that there are quite large uncertainties in the rate constants and that any attempt to determine cross-sections would be futile.
It is easiest to illustrate the CBC method by considering a generic binary reaction: A + B ---> C + D with a rate constant k. The frequency of this reaction is ω = (k) (n A ) (n B ), where n i is the number density of species i. Now, in a manner similar to the NTC collision operator, the number of reactant pairs which react in a time step is given by: # AB = (∆t) (k) (N A ) (N B ) (R) / (v) + R AB , where ∆t is the time step, N i is the actual number of computational particles in a given cell of species i, R is the number of actual particles per computational particle, v is the cell volume, and R AB is the fractional summation of # AB for the proceeding time step. Since only an integer number of pairs can react, the fractional portion, R AB , is saved and summed to # AB during the next time step. Since there can be multiple pathway reactions for a given pair AB, this sum is for each possible reaction for each cell. Thus, this strategy identically conserves the reaction frequency for each reaction since the fractional amount will be always added to the total for the next time step until a value greater than 1.0 is obtained. The actual reactant computational particles, A and B, are then chosen probabilistically.
Reactions with large frequencies will take fewer time steps to computationally take place than those with smaller frequencies. Eventually during the ensemble average where the averaging time is much greater than the smallest reaction frequencies, the correct reaction frequency for each reaction is obtained. This is in contrast to the original DSMC chemistry strategy [1] which would simply statistically neglect reactions which have very small steric factors.
Once a reaction is deemed to have taken place, a traditional center-of-mass (COM) approach is used to partition the translational energies while any of several models can be used to partition the internal energy modes. The issue of whether a reaction is vibrationally favored or not simply enters via the computation of the rate constant k.
A situation might occur where the total energy of the randomly selected reactant particles was less than the particular reaction threshold. Since reaction rates are typically fitted with an Arrhenius expression using the average cell temperature, a macroscopic property, the rate is the same for all possible pairs. Therefore, one solution is to reject the pair and randomly chose another. A second approach is in a manner directly analogous to the NTC method. Here the reaction rate would first be computed on an energy basis rather than temperature. Then the rate used to determine the number of reactant pairs, # AB , is based on the maximum rate of all possible reactant pair molecules in the cell, k max . Thus, # AB, now becomes (# AB ) max for the cell and an accept/reject step is performed using the reaction rate based on the energy of the actual pair. This procedure is identical to that used in the NTC collision operator. The electron chemistry in the following example did not have to consider this issue since electron impact reactions are determine by the electron temperature which was a macroscopic cell quantity in the simulation.
Multiple pathway reactions, such as reactions 1, 2, and 4 in table 1 for chlorine plasma chemistry, are accounted for by computing a rate fraction, F, as the ratio of the rate constant for the given reaction to the sum of the rate constant for all possible channels. For the molecular chlorine dissociation case, F 1 = (k 1 ) / (k 1 + k 2 + k 3 ). Thus, the number of reactant pairs of reaction 1 would be: # 1 = (∆t) (F 1 ) (k 1 ) (N 1 ) n e / (v) + R 1 . The electron number density is used instead of number of electron particles since the LCN assumption was used in the present work.
The proceeding example used the reaction rate constants; however, there is no fundamental reason not to use reaction cross-sections instead other than their lack of availability. Also, the assumption was made that computational particle weights will remain constant during the time step; therefore, the collision frequency, or collision pairs, must be the conserved quantity. Conversely, one could adjust the particle weights in the cell such that there would be no remainder pair. Issues associated with individual particle weights are beyond the scope of the present work. plasma simulations than external aerodynamics applications: the glow discharge system is a tightly coupled elliptic system where hypersonic external flow problems are generally hyperbolic in nature where the ion distribution and the resultant electro-static field do not dominant the behavior of the system. Currently the ORMAX code [13] is used to determine the inductively coupled power deposition to the electrons.
A self-consistent electron energy equation is still under development. Note that this system requires a detailed electron equation since the electron impact reactions are strong functions of the electron temperature, T e . Effects which must be included are: inductively coupled power deposition, electron conduction and convection, and inelastic electron impact reactions. Two approaches have pursued: a continuum based energy balance scheme and one based on generating kinetic electrons and tracking their interactions on an electron plasma time scale. The first is difficult because it requires gradients of statistical quantities to be obtained and the second, although straight forward to implement, is computationally very expensive. Both methods are still underdevelopment. At the present time, the spatially varying, electron energy distribution is obtained from a continuum plasma transport code [13, 14] and is held constant. This essentially sets the product of (n e ) (T e ) to a local cell constant since this product is a measure of the electron energy. This use of a continuum electron transport only determines the electron energy since the DSMC code internally determines the neutral and ion transport, the electro-static fields, the plasma chemistry, and the local electron density to satisfy LCN.
Even with this restriction, this is a very demanding test for DSMC since the electron impact and ion chemistry are tightly coupled and without the CBC method, incorrect and physically unrealistic results were obtained.
Plasma Modelling.
For the present study, a parallel processor DSMC based plasma code was developed which transports ions and neutrals and computational particles, determines electron densities assuming local charge neutrality, determines space-charge electric fields from a Boltzmann approximation, and simulates the electron impact, ion-ion, and neutral-ion chemistries [2, 3, 11] . The charge neutral strategy which other DSMC investigators have used where they associate an electron with an ion is not used; but rather, the cell electron number density, n e , is simply defined as a continuum like quantity based on the sum of the charged computational particles in the cell. This approach identically satisfies local charge neutrality (LCN) and greatly simplifies the treatment of electron impact chemistry. It is noted that glow discharge plasmas such as the GEC test cell are much more demanding In summary, the probabilistic frequency approach ensures that the chemical reaction remainders are summed in a manner consistent with how the fractional collision frequency is summed in the NTC collision module. Therefore, reactions whose time constant is shorter than the time step will be computed during that time step and reactions whose time constants are longer than the time step will be summed over the necessary number of time steps to ensure that the reaction will occur. This logic now guaranties that the chemical reaction frequency will be conserved. This was not the case with the original DSMC chemistry methodology where reactions with long time constants, trace reactions, were virtually never predicted to have occurred using the steric factor strategy.
Example Problem: GEC Reference Cell with Chlorine Chemistry
General description. The experimental data used for model comparisons was taken on a Gaseous Electronics Conference (GEC) rf Reference Cell which had been modified with an inductively coupled source as shown in Figure 3 . [10] The powered source is a five-turn coil at the top of the reactor, power by an rf power supply at 13.56 MHz. The substrate electrode (16.5 cm diameter) was not powered and did not have a wafer in these experiments. The gas injection was through a side port of the reactor at a rate of 5 to 20 sccm of chlorine. The experiments spanned from 20-50 mtorr and 185-300 W of deposited rf power. The system pressure was controlled by setting the pumping speed to maintain a desired pressure for a given flow rate without the plasma ignited. Fig. 5a : Density coutours of Cl and n e Problem description. The Icarus grid used to model the GEC reactor is shown in Figure 4 . The geometry of the reactor was simplified for the simulations, to axisymmetric 2D, by not including the outer ports. The reduction in surface area at the outer radius was compensated for by proportionally increasing the wall recombination constants for surface chemistry. A full 3D simulation is not justified for this system since the very low flow neutral flow velocities indicate that this system behaves in a strong diffusive manner. The wall temperatures in the simulation were set at 350K [16] . The gas injection was modeled as a flux source at the outer radius at a height midway between the upper and lower electrodes. Icarus contains a pump module which allows particles to be deleted at a set rate in a zone identified as the pump region. Neutral flow simulations were performed to determine pumping speeds to be used in the plasma simulations; this was the experimental procedure.
The chlorine plasma was modeled using five species; Cl 2 , Cl, Cl + , Cl 2 + , and Cl -. Note that this systems is electronegative and is much harder to simulate than simple electro-positive systems such as argon. The difficulty is the tight coupling between the plasma chemistry and the system behavior: an attachment reaction produces an negative ion and reduces the electron density which changes the electron impact chemistry which effects everything else! A description of the gas phase and surface reactions used in the Icarus simulations are contained in Table 1 . A more detailed list of the electronic excitation, and momentum transfer electron impact reactions can be found in references 14 and 17. The electron reactions included the Frank-Condon effect by addition of the F-C energy to the heavy products. A surface recombination probability of 0.1 was used to describe atomic chlorine recombining to form molecular chlorine. Positive ions were neutralized at the wall and reflected with 100% thermal accommodation. The negative ion, Cl -was repelled from the reactor walls (sheath) due to the magnitude of the sheath potential.
GEC reactor simulations for a chlorine plasma required approximately 5x10 5 computational particles for a grid with 3,610 computational cells; this included a trace species ratio of 1-200 for the ions. Icarus simulations were performed on a 1024-node nCUBE-2 massively parallel supercomputer. Typical simulations required 5x10 5 -7x10 5 computational time steps with a time step of 1x10 -6 sec; a ion subcycling factor of 3 was used. Typical simulations times were 8 -12 hours on 512 nodes. Results. A complete discussion of the comparisons between Icarus and the experimental data can be found in ref. 11 . A portion of the results which demonstrate that solutions using the CBC model with the probabilistic frequency approach in the plasma DSMC code compare favorably with the experimental data. Results using either no trace species modelling or from using the traditional DSMC chemistry methodology yield solutions which were non-physical.
Figures 5a and 5b show the simulated densities of Cl, n e , Cl + , and Cl -for this GEC case. For the purposes of this paper, the primary issue these figures illustrate is the vast differences in densities, approximately 3 orders of magnitude, between Cl, Cl + , and Cl -densities. This kind of resolution would be expected for a continuum solution method and is impressive for a particle simulation technique. The densities are shifted upwards along the centerline since the inductive coupled power deposition coils are located above the chamber head as previously shown in fig. 3 . Figure 6 shows the comparison for the measurements of Cl + metastable ion density and the Icarus predictions for several radial profiles measured from the lower electrode for 185 W of power and 20 mTorr. The experimental LIF measurements only yield a qualitative result; the plots have been normalized to their respective maximum values. The predicted trends are in reasonable agreement. Figure 7 shows the comparison of radial photodetachment measurements and predictions of Cl-density for 300W of power and 20 mTorr. Since the measure are now quantitative rather than qualitative, these results yield a more representative comparison for plasma DSMC. We note that the background neutral density is approximately 3.0E21 #/m 3 ; the Cl-ion densities are four orders of magnitude lower. There are two differences which are unresolved. The first is that the absolute magnitude of the predictions are lower than the measured; one reason may be that the dissociative-attachment reaction rates may require including the pre-reaction vibrational energy; however, this effect is not know at this time. The second issue is that the simulations predict a maximum at the centerline while the measurements indicate a maximum located off center. Continuum based plasma models have also predicted the Cl-maximum at the centerline; this difference between the location of the Cl-is still under investigation. Results from preliminary self-consistent electron energy equation investigation have the maximum Cl-concentration off-centerline. For this problem, very small changes in the electrostatic fields and T e have a large effect on the concentrations of these trace species.
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Conclusions
A new approach to the simulation of chemically reacting flows with the DSMC framework has been presented. The main innovation of the Cell Based Chemistry (CBC) Method is to decouple the choice of reactants from the pair selection produced by the NTC collision model. Given this, there are several choices to perform chemistry in a given cell. One method presented, the probabilistic frequencies, conserves the reaction frequencies in a manner which is consistent with the collision frequencies in the NTC collision method. This new approach allows the simulation of reactive systems with disparate frequencies and densities, from vary fast to vary slow. This class of problems impose new challenges when using a particle method such as DSMC; the underlying issue is one of balancing the computational expense by having many more computational particles with using physical insight to invoke statistical arguments which allows one to reduce the computational requirements. The example simulation, the GEC plasma reactor, could not have been done with the traditional method for simulating chemical systems with DSMC.
The data comparison, the chemically reacting plasma, is a real world problem with the typical large uncertainties in boundary conditions and chemical rates. With those caveats, we have demonstrated that, with the CBC method using the probabilistic frequency approach, we can begin to simulate a complex chemically reacting plasma system with DSMC. There remains an efficiency issue with the electron energy equation in the present model to be resolved. It is again noted that the traditional implementation of chemical reactions in DSMC was unable to capture, for example, the molecular dissociation of chlorine or the negative ion neutralization reactions.
